Abstract. Rhabdomyosarcomas (RMS) are soft tissue tumours treated with a combination of surgery and chemotherapy. However, mortality rates remain high in case of recurrences and metastatic disease due to drug resistance and failure to undergo apoptosis. Therefore, innovative approaches targeting specific signalling pathways are urgently needed. We analysed the impact of different hedgehog (Hh) pathway inhibitors on growth and survival of six RMS cell lines using MTS assay, colony formation assay, 3D spheroid cultures, flow cytometry and western blotting. Especially the glioma-associated oncogene family (GLI) inhibitor arsenic trioxide (ATO) effectively reduced viability as well as clonal growth and induced cell death in RMS cell lines of embryonal, alveolar and sclerosing, spindle cell subtype, whereas normal skeletal muscle cells were hardly compromised by ATO. Combination of ATO with itraconazole potentiated the reduction of colony formation and spheroid size. These results show that ATO is a promising substance for treatment of relapsed and refractory RMS by directly targeting GLI transcription factors. The combination with itraconazole or other chemotherapeutic drugs has the opportunity to enforce the treatment efficiency of resistant and recurrent RMS.
Introduction
Rhabdomyosarcomas (RMS) are the most common paediatric soft tissue tumours, accounting for ~5% of all cancers at that age. Several histologic RMS variants can be differentiated with two thirds of RMS belonging to the embryonal subtype (ERMS) usually diagnosed in younger children below the age of 6 years. The more aggressive alveolar subtype (ARMS), which is more common in adolescents and young adults, makes up ~20% of new cases. ARMS are characterised by the reciprocal translocations t(2;13)(p35;q14) or t(1;13)(p36;q14) leading to the expression of fusion proteins consisting of the DNA-binding domains of PAX3 or PAX7 and the transactivation domain of FOXO1 (1, 2) . ERMS often exhibit loss of heterozygosity (LOH) at the chromosomal band 11p15.5 affecting the expression of the tumour suppressor genes H19 and CDKN1C (2) . There are additional subtypes as the high grade pleomorphic RMS with a very unfavourable prognosis (3) and the sclerosing, spindle cell variant. In children this subtype often has a favourable outcome, whereas in adults it is highly aggressive (4, 5) .
The standard therapy of RMS is surgery combined with a first line chemotherapy composed of vincristine, actinomycin D and cyclophosphamide (6) . However, mortality rates remain high in case of recurrences and metastatic disease. Chemotherapy resistance and the failure of RMS cells to undergo apoptosis often occurs during disease progression (7) . Therefore, new innovative approaches targeting specific signalling pathways are urgently needed.
The hedgehog (Hh) pathway is involved in development, tissue regeneration but also several kinds of cancer including basal cell carcinoma, medulloblastoma, osteosarcoma, Ewing sarcoma and RMS (8) (9) (10) (11) . Ligand-dependent activation of Hh signalling occurs via Patched 1 (PTCH1) and Smoothened (SMO) leading to activation of the downstream transcription factors of the glioma-associated oncogene family GLI1, GLI2 and GLI3. All GLI proteins have transcriptional activator functions regulated by activation of Hh signalling. In absence of Hh pathway activation C-terminally truncated GLI2 and GLI3 proteins serve as transcriptional repressors (12) . GLI1 is a direct transcriptional target of Hh signalling and its function is regulated by abundance (13) of posttranslational modifications (12, 13) . however, especially in sarcoma aberrant, ligand-independent GLI1 activity has been observed (14) (15) (16) . Several SMO inhibitors have been developed and are in different phases of clinical validation (17, 18) . These inhibitors do not prevent downstream pathway activation by overexpression and constitutive activation of GLI transcription factors. Therefore, direct targeting of GLI seems to be a more promising therapeutic approach (13) .
In the present study, we determined whether the Hh pathway is active in RMS cell lines and contributes to cell proliferation and survival. To address this question, we compared the effects of different Hh inhibitors acting on SMO (cyclopamine, LDE225, itraconazole) (19, 20) or GLI (ATO, GANT61). Arsenic trioxide (ATO), which is FDA approved for the treatment of acute promyelocytic leukemia (APL) (21) , prevents transcription of GLI1, GLI2 and PTCH1 in human osteosarcoma cell lines (11) , blocks ciliary accumulation and reduces steady state levels of GLI2 after prolonged incubation in murine cells (22) . GANT61, an experimentally used substance, reduces GLI1 mediated transcription in a luciferase based reporter screen (23) and induces apoptosis in a Ewing sarcoma cell line (16) . We found especially aTO to be highly effective in reduction of viability and clonal growth as well as in apoptosis initiation in RMS cell lines of embryonal, alveolar and sclerosing, spindle cell subtype, whereas normal skeletal muscle cells were scarcely affected. Itraconazole was the only SMO inhibitor which increased ATO action in our experimental settings.
Materials and methods
Reagents. ATO (Trisenox, Pharmacy of University Hospital Tuebingen) was dissolved in purified water, GANT61 (Abcam, Cambridge, UK), itraconazole (Sigma-Aldrich, Taufkirchen, Germany) and LDE225 (Selleckchem, Munich, Germany) were dissolved in dimethyl sulfoxide (DMSO). Cyclopamine (Abcam) was dissolved in ethanol. For cell culture treatment stock solutions were further diluted in culture medium.
Cell lines and culture. RD cells were purchased from CLS Cell Lines Service GmbH (Eppelheim, Germany). RH-30 cells were obtained from ATCC (Manassas, VA, USA). CCA cells were kindly provided by Barbara Munz, Department of Sports Medicine, University Hospital Tuebingen. RUCH3 cells were kindly provided by Ingo Mueller, Clinic of Pediatric Hematology and Oncology, University Medical Center Hamburg Eppendorf. ZF (ARMS) and SRH (sclerosing, spindle cell RMS) were established and characterised at the University Children's Hospital Tuebingen. The patient (SRH cells) and the parents of the patient (ZF cells) had given their written informed consent to the scientific analysis and cell line establishment from tissue samples, the study of which was approved by the ethics committee of the University of Tuebingen. Normal skeletal muscle cells from adult donors (SKMC) were purchased from PromoCell (Heidelberg, Germany). All cell lines were maintained in Dulbecco's modified eagle's medium (DMeM) with GlutaMaX, 4.5 g/l D-glucose (Gibco, Life Technologies, Darmstadt, Germany) supplemented with 10% FCS (Biochrom, Berlin, Germany) at 37˚c in humidified atmosphere containing 5% cO 2 .
RNA isolation and qRT-PCR. RNA was isolated using the RNeasy Mini kit (Qiagen, Hilden, Germany). One microgram of RNA was reversely transcribed using the innuSCRIPT reverse transcriptase (Analytik Jena, Jena, Germany). cDNA (50 ng) was analysed in duplicate reactions by quantitative RT-PCR (qrT-Pcr) using gene-specific primers and 1X SYbr select master mix for CFX (Life Technologies GmbH) in a total volume of 10 µl. qRT-PCR was carried out in a CFX96 realtime device (Bio-Rad, Munich, Germany) and was analysed using CFX Manager™ software (Bio-Rad). Relative expression levels were calculated as fold change compared to SKMC cells using the ∆∆Ct ) method with TATA box binding protein (TBP) as a reference gene. Hh pathway primers were used according to Laurendeau et al (24) .
Cytotoxicity assay. The Cell Titer 96
® AQueous One Solution Cell Proliferation (MTS) assay (Promega, Mannheim, Germany) was used to measure cell viability via redox enzyme activity, according to the protocol provided by the manufacturer. SRH, RD, CCA, RUCH3, RH-30, ZF and SKMC cells (0.5-1.5x10 4 cells/well) were grown in 96-well plates. The day after seeding, the cells were incubated in the presence of ATO, GANT61, cyclopamine, LDE225 or itraconazole for another 96 h at 37˚c in a humidified atmosphere of 5% cO 2 in air. At the end of the incubation period, 15 µl MTS reagent was added to the wells, and the plate was incubated for 1.5 h protected from light. Absorbance was recorded at 490 nm with a reference wavelength of 630 nm using an EL 800 reader (BioTek, Winooski, VT, USa). (40 mM Tris/HCl pH 7.4, 300 mM NaCl, 2 mM EDTA, 20% glycerol, 2% Triton X-100) supplemented with proteinase inhibitor at 4˚c. insoluble material was removed by centrifugation. The protein concentration in the supernatant was determined by Bradford protein assay. Protein samples (40 µg) were separated by 10% SDS-PAGE and transferred to a hydrophobic polyvinylidene difluoride (PVDF) membrane (immobilon-P; Merck KGaA, Darmstadt, Germany). After blocking with 5% powdered milk (Carl Roth, Karlsruhe, Germany) in TBS-T, membranes were incubated with primary antibodies [GLI1 rabbit mAb #2533, β-tubulin (9F3) rabbit mAb #2128, cleaved caspase 3 (5A1E) rabbit mAb #9664, anti-cleaved PARP (DE64E10) rabbit mAb #5625, full length caspase 3 (8G10) rabbit mAb #9665, all 1:1,000, Cell Signaling Technology; GLI2 (H300) rabbit pAb, 1:200, sc-28674, Santa Cruz Biotechnology Inc., Dallas, TX, USA; cell cycle (pCdk/pHH3/ actin) Wb cocktail, 1:250, ab136810, abcam] with gentle shaking overnight at 4˚c according to the manufacturer's protocols. Membranes were washed three times with TBS-T. Secondary antibody (horseradish peroxidase-conjugated anti-rabbit pab, 1:20,000, Jackson immuno research, West Grove, PA, USA) was added for 2 h, and the membranes were washed another three times with TBS-T. Proteins were detected using ecL Western blotting Substrate (Thermo Scientific, Waltham, Ma, USa) with membranes exposed to amersham hyperfilm ecL (Gehealthcare, Pittsburgh, Pa, USA). A pre-stained protein ladder (PageRuler Plus; Thermo Scientific) was used for determination of molecular weights. imageJ was utilised for western blot quantification.
IC
Flow cytometry. Membrane integrity as indicator for cell death was determined using the fixable viability dye eFluor ® 450 (eBioscience, San Diego, CA, USA). The SRH, RD, CCA, RUCH3, RH-30, ZF and SKMC cells (each at 2.5x10 5 cells/ well) were incubated with inhibitor concentrations indicated for 72 h, washed with PBS, detached with 1% trypsin, and stained for 30 min at 4˚c in the dark. cells were washed with PbS and fixed with 0.5% formaldehyde diluted in PbS before being resuspended in FACS buffer (PBS containing 2% FCS, 2 mM EDTA). Flow cytometric analysis was performed on an LSrii flow cytometer (becton-Dickinson, Franklin Lakes, NJ, USA) using FlowJo Software (Tree Star Inc., Ashland, OR, USA) for data evaluation.
Statistical analysis. All statistical tests were performed using GraphPad Prism V6.0 or V5.0 software and p<0.05 was considered as statistically significant.
Results
Overexpression of hedgehog pathway genes in rhabdomyosarcoma. Hedgehog pathway gene expression was determined in six human RMS cell lines compared to SKMC (Fig. 1A) . Quantitative real-time PCR revealed that GLI1 expression was upregulated in all RMS cell lines examined. Expression levels in SRH mostly resembled SKMC, whereas higher GLI1 expression levels were detected in the ERMS cell lines RD, CCA and RUCH3. The ARMS cell line ZF showed a strong GLI1 mRNA overexpression, while GLI1 was excessively upregulated in rh-30 cells, which contain a gene amplification (25) . GLI2 expression in SRH and ZF cells was reduced compared to primary skeletal muscle cells. All other RMS cell lines exhibited a low to moderate overexpression of GLI2 mRNA. GLI3 expression was reduced in RH-30 cells compared to SKMC but moderately elevated in SRH, RD and ZF. High GLI3 mRNA expression was found in CCA and RUCH3. SMO mRNA levels of SRH and RD cells corresponded to SKMC, whereas, higher expression was found in all other RMS cell lines. The Hh receptor PTCH1 was slightly overexpressed in SRH and RUCH3. Stronger expression could be found in CCA, RH-30, ZF and RD cells. PTCH2 expression, on the contrary, was reduced in SRH and RUCH3 cells compared to SKMC, while it was slightly upregulated in cca, rh-30, ZF and rD. Western blot analysis confirmed the expression of GLi1 protein in rMS cell lines and SKMC ( Fig. 1B) with highest protein levels in RH-30 cells. However, depending on the cell line different variants of GLI1 dominated. In addition to the 160 kDa form, in all RMS cell lines other splice variants (100-130 kDa) could be detected. Moreover, smaller bands probably corresponding to GLi1 degradation products appeared. For quantification all GLI1 signals >100 kDa were considered and normalised to tubulin expression. The graph shows the expression relative to SKMC. GLI2 full length protein expression (100-170 kDa) was reduced in ZF, SRH, CCA and RUCH3 cells compared to SKMC, while it was elevated in RD and RH-30 RMS cell lines (Fig. 1C) . Additionally, all RMS cell lines comprised the GLI2 repressor form of ~80 kDa. With the exception of rUch3 and ZF cells, expression of the GLI2 repressor protein was increased in the RMS cells compared to SKMC. Remarkably, a prominent 55 kDa band appeared exclusively in the primary skeletal muscle cells. These results show that the Hh pathway components are actively expressed in different RMS cell lines irrespective of their association to the embryonal, alveolar or sclerosing, spindle cell subtype.
Hedgehog pathway inhibition reduces viability of human RMS cell lines.
We performed MTS viability assays to determine IC 50 values of ATO, GANT61, cyclopamine, LDE225 and itraconazole in six rMS cell lines and SKMc (Table i) . While viability of SKMC was still 77.5% after 96 h of incubation with 10 µM ATO, the IC 50 values for all RMS cell lines ranged from 1.31 µM in RH-30 to 3.67 µM in SRH. This emphasises the strong and highly selective impact of ATO on RMS cells.
The second GLI inhibitor GANT61, on the contrary, was also efficient in all rMS cell lines examined. however, primary skeletal muscle cells were more strongly impaired in their viability than RUCH3 cells and nearly to the same extent compared to RH-30 and SRH cells. Also the SMO inhibitor cyclopamine showed a poor selectivity and in case of the cell line RUCH3 no effect, while sensitivity of SRH and RD cells was still detectable, although lower than in SKMC. Only ZF cells were strongly compromised by cyclopamine. LDE225, the more selective and stable derivative of cyclopamine, which is already used in clinical studies (17) , had no impact on SKMC at a dose of 35 µM. However, SRH, RUCH3 and RH-30 cell viability was also not affected and IC 50 values for CCA and ZF were significantly higher compared to cyclopamine. Only rD cells showed a comparable dose response. Up to the concentration of 20 µM itraconazole affected none of the cell lines sufficiently to determine ic 50 values. However, in RUCH3 and RH-30 cells viability was slightly reduced. Our results show that GANT61 and cyclopamine are unsuitable for selective tumour cell treatment. Nevertheless, at the doses applied in viability assays LDE225 and itraconazole were largely inefficient. This emphasises aTO as the most promising candidate substance for Hh pathway inhibition.
ATO in combination with itraconazole impairs colony formation of RMS cell lines. although itraconazole lacks significant effects on cell viability we analysed both ATO and itraconazole in single and combined treatment in clonogenic assays performed with RD, RUCH3, RH-30 and ZF cells (Fig. 2) . The cell lines SRH and CCA did not to form colonies from single cells and were therefore excluded from this experiment. The addition of 1 µM aTO for 72 h was sufficient to significantly impair colony formation in RD, RUCH3 RH-30 and ZF cells compared to mock-treated control, whereas 2 µM largely abolished colony growth in all cell lines except ZF (Fig. 2B) . Moreover, the size of the persisting colonies was reduced ( Fig. 2A) . Compared to the results of the viability assays, resistance of ZF cells to ATO was higher in the clonogenic assay. The colony formation rate of RUCH3 cells was generally low in this experimental setting. Although itraconazole had no impact on cell viability in the MTS assays, a significant reduction of colony numbers could be detected after addition of 5 µM itraconazole in RD, RH-30 and ZF cells (Fig. 2B) . Combination of 1 µM ATO with 5 µM itraconazole substantially blocked colony formation in RH-30 cells, whereas some microcolonies remained in RD, RUCH3 and ZF cells. Elevation of the ATO dose to 2 µM suppressed colony growth in three of the RMS cell lines. Only ZF cells still formed a small number of microcolonies after combined treatment with 2 µM ATO and 5 µM itraconazole. Interestingly, this additive effect was less pronounced using combined treatment of ATO with LDE225 (data not shown). However, a single dose of 15 µM LDe225 was sufficient to stop colony formation in rD, RUCH3, RH-30 and ZF cells (data not shown). Conspicuously, proliferation of RUCH3 cells was inhibited by LDE225 during the longer experimental setting of the colony formation assay compared with the lack of viability restriction during the 96 h of MTS assay.
ATO reduces RMS cell growth in 3D spheroid culture. 3D spheroid cultures resemble tumour formation in vivo exhibiting gradients in nutrition and oxygen availability but also in penetration by cytotoxic substances. As ATO but also a combination of ATO and itraconazole were effective in viability reduction and inhibition of colony formation, these Hh inhibitors were applied in 3D spheroid cultures of RD, RH-30 and ZF cells. The RMS cell lines SRH, CCA and RUCH3 refused to form stable 3D cultures and had to be excluded from this experiment. As the representative micrographs of Fig. 3 show, there was a dose-dependent reduction of spheroid growth by ATO in ZF cells with 5 µM ATO completely blocking the increase in size. in rD cells already 2 µM aTO were sufficient to completely inhibit spheroid growth. RH-30 cells were less sensitive in 3D culture and ATO could not reduce spheroid growth. Itraconazole reduced growth of ZF spheroids, however much less compared to ATO, whereas RD and RH-30 spheroids were not compromised. Growth inhibition of ZF spheroids was enhanced by the combination of 2 µM ATO and 5 µM itraconazole compared to single doses. However, it was not as effective as 5 µM ATO. In RD cells the impact of the inhibitor combination was comparable to ATO single treatment. Interestingly, an additive effect could be documented in RH-30 cells, the spheroid growth was not fully prevented but reduced compared to single treatments. Hedgehog pathway inhibition induces cell death. As cancer treatment affords effective killing of resident tumour cells and not only a transient growth inhibition, we performed flow cytometry analysis to detect incorporation of the fixable viability dye eFluor ® 450. The dye is excluded from cells with intact membranes, therefore apoptotic or necrotic cells with membrane degradation can be quantified using this method. Six RMS cell lines and SKMC were incubated with ATO, GANT61, cyclopamine, LDE225 or itraconazole for three days before assessment of cell death (Fig. 4) . Treatment with 2 µM aTO already induced significant dye incorporation in the RMS cell lines RD, CCA and RH-30. Using 5 µM ATO cell death increased to 65% (SRH), 86% (RD), 81% (CCA), 49% (RUCH3) or 82% (RH-30). ZF cells showed only a small proportion of dead cells (9%), whereas 6% of SKMC were stained by the dye. The second GLI1 inhibitor GANT61 was most effective in CCA cells at the low dose of 10 µM. Increasing the GANT61 concentration to 15 µM led to 54% (SRH), 28% (RD), 77% (CCA), 42% (RUCH3) and 73% (RH-30) dead cells. However, GANT61 also induced cell death in 16% of the SKMC, which was more than in the resistant ZF cells (10% dead cells). Moreover, the histograms show a less complete shift of the cell populations after addition of GANT61 compared to ATO (Fig. 4A) . Using SMO inhibitors induction of cell death was less efficient (Fig. 4b) . at a concentration of 10 µM itraconazole only CCA (17%), RUCH3 (21%) and rh-30 cells (34%) showed significant cell death induction. Cyclopamine (15 µM) induced 17% (SRH), 23% (RD), 30% (CCA), 19% (RUCH3), 13% (RH-30) and 12% (ZF) cell death, respectively. Interestingly, membrane integrity of SKMC was not affected at all by this drug concentration. The impact of the cyclopamine derivative LDE225 was still lower with maximum cell death induction of 15% (SRH), 16% (CCA) and 15% (ZF) at the concentration of 15 µM. Again, SKMC showed <1% dye incorporation. These results indicate that Hh pathway inhibition at the level of GLI1 has explicit advantage over SMO inhibition. Even cyclopamine, showing a noticeable impact on viability of RMS cells and SKMC, was inefficient for induction of cell death.
ATO-dependent Hh pathway inhibition induces apoptosis in RMS cell lines.
The viability dye eFluor ® 450 is not able to discriminate between necrotic and apoptotic cell death. In order to detect apoptosis induction after treatment with 5 µM ATO western blot analysis was performed in all six RMS cell lines and SKMC (Fig. 5A) . Apoptotic PARP cleavage, as indicated by the 89 kDa fragment, was clearly induced by ATO in all RMS cell lines but not SKMC at the time of cell lysis. The reaction of RUCH3 cells was very distinct indicated by strong caspase 3 cleavage and nearly total tubulin degradation after two days (Fig. 5A and B) . Due to global protein degradation the PARP band was comparably weak in these cells. Also RH-30 cells showed a strong response indicated by significant reduction of full length caspase 3 and tubulin. In this case the cleaved caspase 3 band already was very faint while cleaved PARP could be still detected in high amounts. Caspase 3 cleavage was also detected in RD and CCA cells, while SRH and ZF cells showed nearly no caspase 3 cleavage and no reduction of total caspase 3, indicating an alternative way of PARP cleavage (Fig. 5A and B) . To verify that ATO indeed targets the Hh pathway at the level of GLI1, which is an Hh target gene itself, we also analysed GLI1 protein expression after ATO incubation (Fig. 5A and C) . A strong reduction of full length and modified GLi1 protein could be detected in RD, CCA, RUCH3 and RH-30 cells. Interestingly, in SRH cells the GLI1 protein accumulated after ATO treatment, while 4 cells/ well) were plated in non-adherent, U-bottom 96-well plates. After four days spheroid formation was documented with the microscope (day 0). Spheroids were incubated with the ATO and itraconazole (Itra) concentrations indicated for another six days whereupon a second micrograph was taken (day 6). Representative micrographs of three independent experiments are shown.
GLI1 protein was slightly reduced in ZF cells. SKMC showed no differences in PARP or caspase 3 cleavage. Compared to tubulin expression the amount of GLI1 was also slightly reduced in SKMC. These results indicate that ATO-dependent cell death induction in RMS cell lines involves the apoptotic pathway and is commonly linked to loss of full length GLI1. ZF cells which were highly resistant to ATO induced cell death exhibited no significant reduction of GLi1 abundance at the dose of 5 µM.
ATO induces cell cycle arrest in RMS cell lines.
To elucidate the growth arrest and subsequent apoptosis after ATO treatment western blot analysis was performed in all six RMS cell lines and SKMC (Fig. 6A) . Phosphorylation of CDK2 at Tyr15 indicates its inactivation at the G1/S transition, while Ser10 phosphorylation of histone H3 indicates a G2/M cell cycle arrest (26, 27) . histone h3 phosphorylation was significantly increased in RD cells and was also elevated in CCA, RUCH3, RH-30 and ZF cells while actin expression was stable or reduced after ATO incubation, indicating a G2 arrest. Unfortunately, due to global protein degradation after 48 h of ATO incubation the impact on RUCH3 cell cycle was attenuated. In CCA cells a comparably weak histone H3 phosphorylation could be detected, but CDK2 Tyr15 phosphorylation was elevated after ATO treatment while actin was almost degraded, indicating a weak G1 arrest. Interestingly, the histone H3 phosphorylation could hardly be detected in SRH cells after ATO treatment while CDK2 Tyr15 phosphorylation decreased less distinct than the actin amount indicating a vague G1 arrest. SKMC cells showed only very weak H3 phosphorylation which was only slightly enhanced by ATO.
Apoptosis induction of RD cells is attenuated by inhibitory BAD phosphorylation.
Phosphorylation of p53 at Ser15 is one of the first events of p53 modification occurring after metabolic stress or DNA damage (28) . RD cells express the r248W mutant p53, while the second p53 allele is lost. This hot spot mutation causes at least partial inactivation of p53 function (29) . Phosphorylation of the pro-apoptotic BAD protein at Ser112 inactivates its BCL-X L binding activity and sequesters it to the cytoplasm, preventing apoptotic cell death (30) . Showing that ATO and a combination of itraconazole and ATO induced a growth arrest and apoptotic cell death in several RMS cell lines including RD, we chose RD cells for further elucidating the signalling pathways involved (Fig. 6B) . Using a PathScan ® ELISA we showed that p53 protein expression only slightly decreased after ATO and itraconazole treatment, while 2 µM aTO was sufficient to induce a significant increase in p53 phosphorylation at Ser15, which was much weaker after treatment using a combination of 2 µM ATO with 5 µM itraconazole. However, itraconazole as single agent had no impact on p53 phosphorylation. While baD protein expression was also slightly reduced after treatment with ATO or itraconazole, we found a massive Ser112 phosphorylation, especially after incubation with 2 µM ATO, but also using the combination of 2 µM ATO and 5 µM itraconazole. In addition, itraconazole single treatment induced a distinct but comparably weaker Ser112 phosphorylation. These results clearly indicate that ATO induced p53 Ser15 phosphorylation, accompanied by a growth arrest. An effect which has to be discussed for the p53 mutated RD cells. Interestingly, the strong anti-apoptotic BAD Ser112 phosphorylation after ATO and itraconazole treatment should attenuate apoptosis induction in RD cells.
Discussion
The standard of care for treating RMS is a combination of multimodal chemotherapy and surgery (6) . However, mortality rates remain high in case of recurrences and metastatic disease due to the development of drug resistance (7) . Aberrant activation of the Hh signalling pathway has been found in several cancers including RMS (10) . For this reason we investigated the impact of Hh pathway inhibition on RMS cell growth and survival. In our study we found all six RMS cell lines examined to actively express components of the Hh pathway with data of SRH cells mostly resembling primary skeletal muscle cells. Especially the GLI1 mRNA was overexpressed compared to SKMC with highest levels found in the ARMS cell lines RH-30 and ZF. RH-30 cells contain a GLI1 gene amplification (25) leading to massive expression of different GLI1 isoforms including the 160 kDa full length and smaller variants. Interestingly, on protein level ZF cells showed only a moderate overexpression of a 100 kDa isoform. Indeed, with the exception of CCA cells, we found the 100 kDa isoform in all RMS cell lines to be more distinctly expressed compared to SKMc. GLi2 full length protein expression was significantly reduced in ZF cells compared to SKMC, whereas it was increased in RD and RH-30 RMS cell lines. In addition to the full length protein of 170 kDa, an 80 kDa repressor form could be detected in all cells with diminished expression in ZF cells compared to SKMC. Conspicuously, the full length GLI2 protein in SKMc seems to be modified having a higher molecular weight compared to the RMS cell lines. On the other hand, only in SKMC there was a prominent 55 kDa band, which was much smaller than the repressor form predicted (31), therefore most likely representing a degradation product. For inhibition of the Hh pathway two major targets can be addressed. Cyclopamine and its derivative LDE225 target SMO (18). In Figure 6 . ATO treatment induces cell cycle arrest while apoptosis is extenuated by BAD phosphorylation. (A) Six RMS cell lines and SKMC were incubated with 5 µM ATO for two days. Cells were lysed and subjected to western blot analysis. Phosphorylation of CDK2 Y15 (G1/S arrest) and phosphorylation of histone H3 S10 (G2/M arrest) of ATO and mock-treated cells were determined and compared to actin abundance. Signals of three independent experiments were quantified. The graph shows the mean values and standard deviations of phosphorylation after treatment with 5 µM aTO compared to mock-treated control ( *** p≤0.001 compared to SKMc). (b) PathScan ® ELISA assay detecting p53 protein expression and S15 phosphorylation as well as BAD protein expression and S112 phosphorylation was performed in RD cells two days after addition of ATO and itraconazole in the concentrations indicated. Absorbance was measured at 450 nm and mock-treated cells were set to 100% protein expression, respectively phosphorylation. The experiment was performed in quadruplicate, error bars indicate the standard deviation.
addition, itraconazole also inhibits SMO but uses a different binding site (20) . More downstream in the Hh pathway the GLI inhibitors ATO and GANT61 prevent expression of Hh target genes (22, 23) . Intriguingly, in RMS ligand-independent GLI1 activity has been observed, which may interfere with the efficiency of SMO inhibitors (14, 15, 32) . Other groups showed, that both GLI1 knockdown and a combination of GLI1 and GLI2 siRNA reduced RMS cell survival (1, 33) .
in this study, we identified aTO as the most efficient and specific hh inhibitor inducing growth arrest and apoptosis in a panel of RMS cell lines. ATO directly binds to GLI1 and GLI2, inhibiting their transcriptional activation capacity (34) . Moreover, aTO promotes GLi2 degradation (35) . We applied ATO doses of 2-5 µM, which correspond to plasma levels obtained in leukemia patients (36) . We showed that ATO reduced viability, clonogenic survival and growth of 3D cultures in a dose-dependent manner in all RMS cell lines examined. In addition, RD, CCA, RUCH3 and RH-30 cells underwent apoptosis indicated by caspase 3 and PARP cleavage. However, our RMS cell lines comprise two recently established, low passage cell lines SRH and ZF, which exhibit almost no caspase 3 cleavage upon ATO treatment, while viability was significantly reduced. interestingly, this lack of caspase 3-dependent apoptosis was accompanied by largely unchanged or indeed elevated GLI1 expression levels under ATO, indicating that the Hh pathway was still active in these cells under the dose of 5 µM aTO. Whereas, the high dose of 5 µM aTO was sufficient to induce cell death indicated by loss of membrane integrity in SRH cells, ZF cells remained almost completely resistant. Nevertheless, also ZF cells exhibited PARP cleavage upon ATO addition indicated by the 89 kDa catalytic fragment. Indeed, both ZF and SRH cells were established from high grade RMS patients receiving multimodal chemotherapy prior to resection of the tumour, which may also contribute to general apoptosis resistance as described before (7) . Analysis of histone 3 Ser10 phosphorylation revealed a clear G2/M arrest induced by 5 µM ATO in RD, RH-30 and ZF cells. On the contrary, in SRH cells histone 3 Ser10 phosphorylation was not elevated upon ATO treatment, indicating an unaffected progression through G2/M phase, while CDK2 Tyr15 phosphorylation was enhanced, suggesting a G1/S arrest. Also in CCA cells CDK2 Tyr15 phosphorylation remained high, while actin abundance decreased upon treatment with 5 µM ATO, pointing to a G1 arrest. Actually, although a G2/M arrest is more commonly reported after ATO treatment, a G1 arrest was also found in myeloma cells. However, we can not consent to the statement that the ATO induced G2/M arrest and subsequent apoptosis is generally dependent on mutated p53 (37) . We could prove that Srh cells comprise a p53 double mutant (data not shown) but these cells showed neither G2/M arrest nor caspase 3-dependent apoptosis after ATO treatment. On the other hand, CCA cells had a strong apoptotic caspase 3 and PARP cleavage but apparently only a weak G2/M arrest. In APL cell lines and primary APL blasts an ATO-dependent ERK1/2 activation seems to be implicated in an increased anti-apoptotic BAD Ser112 phosphorylation (38) . In its phosphorylated stage BAD can no longer displace BAX from binding to BCL-2 or BCL-X L proteins, preventing the BAX-dependent disruption of the mitochondrial membrane (39,40). Furthermore, ATO was able to induce BAD Ser112 phosphorylation in RD cells. Regardless of this, a high number of dead cells could be detected after treatment of RD cells using 5 µM ATO and apoptosis induction was proven by caspase 3 and PARP cleavage. Certainly, the intrinsic apoptotic pathway leading to mitochondrial disruption can be induced by ATO via downregulation of Bcl-2 expression in pulmonary adenocarcinoma cells (41) or hepatocellular carcinoma cells (42) or induction of the ER stress pathway (43) , apparently overcoming the effect of BAD phosphorylation. Moreover, ATO was shown to induce the extrinsic apoptotic pathway via TRAIL and TRAIL receptor activation in myeloma cells (37, 44) .
GANT61, the second GLI inhibitor used in this study, was a more effective cell death trigger compared to the SMO inhibitors cyclopamine, LDE225 and itraconazole in single application. Nevertheless, despite the efficacy of GANT61 in RMS cell lines as we and others could prove (33) , it also compromised primary skeletal muscle cell viability and induced increased cell death.
As ATO and itraconazole are the only FDA approved substances tested, which are directly available for use in patients, we analysed the potential advantage of combination treatment. Actually, despite limited impact of itraconazole on RMS cell viability and cell death induction, the combination with ATO clearly reduced colony formation and spheroid size. Our results are in agreement with studies in mouse basal cell carcinoma and medulloblastoma allografts, where an additive effect of ATO and itraconazole could be demonstrated as well (35) .
In conclusion, our data provide evidence that ATO is a promising substance for the treatment of RMS by directly targeting GLI transcription factors. Combination with itraconazole or chemotherapeutic drugs has the potential to enhance the treatment efficiency.
